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SUMMARY. The specificity of esterasic tryptic action is discussed in terms 
of the formation of two intermediates (Michaelis complex and acylenzyme) du- 
ring the catalytic process. From nucleophilic Competition data with specific 
and unspecific substrates and some other complementary data, it is concluded 
that the tryptic specificity is essentially kinetic and exerted principally in 
the acylation step, Thus discrimination between specific and unspecific subs- 
trates is achieved also after the Michaelis complex formation and is not only 
reflected by the binding free enthalpy but also by the free enthalpy change 
associated with the acylation of the enzyme. 

Trypsin hydrolyzes specifically peptidic, amide and ester bonds involving 

the carbonyl function of basic amino acids like lysioe or arginine (1,2). Trypsin 

can also catalyse the hydrolysis of neutral aminoacid derivatives called unspe- 

cific substrates. For instance it is well known that trypsin exhibits an intrin- 

sic chymotryptic activity toward neutral substrates like Ac-Tyr-0Et~(3). The 

kinetiesof the esterasic tryptic action can be described in terms of the classi- 

cal scheme involving two intermediate complexes : Michaelis complex CES) and 

acylenzyme (ES') (4) : 

KS k2 K3 L 
E + S ~ m ES ~ES '  - ~  + P2 Eq,1 

+P1 

In  t h i s  scheme K S i s  the  d i s s o c i a t i o n  c o n s t a n t  o f  ES, and k 2 and k 3 a re  r e s -  

p e c t i v e l y  a c y l a t i o n  and d e a c y l a t i o n  r a t e  c o n s t a n t s .  

The pu rpose  o f  t h e  p r e s e n t  p a p e r  i s  t o  d e t e r m i n e  t o  wh ich  e x t e n t  t h e  

Aminoacids derivatives are abbreviated according to the general rules of 
IUPAC-IUB Commission on Biochemical Nomenclature (Biochim. Biophys. Acta 121 
(1966) I.). Arg: arginine, Cit: citrulline, Gly: glycine, Lys:lysine, Orn: 
ornithine, Phe: phenylalanine, Tyr: tyrosine, Ac-: acetyl, Bz-: benzoyl, To-: 
tosyl, -0Me: methyl ester, -OEt: ethyl ester. For example Bz-Arg-OEt is the 
abbreviated~notetion for aN-Benzoyl-L-arginine-ethyl ester, Aminoacid symbol 
denote the L configuration unless otherwise indicated. 
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enzyme exerts its specificity on each individual step defined in Eq. 1. Since 

it has not actually been proved that amides and peptides are hydrolysed by 

the same mechanism (5,6), only the case of esters will be discussed in this 

paper. 

STEADY STATE AND INDIVIDUAL KINETIC PARAMETERS OF TRYPTIC SUBSTRATES. 

Except for a few oases (7,8), tryptic hydrolyses obey the Michaelis 

equation and the two steady state parameters Kca t and K are related to the 
m 

individual Kinetic constants as follows : Kcat=K2K3/(K2+K3), Eq. 2 and K m = 

KsK3/(K2+K3 ), Eq. 3. These two parameters are listed in Table I for a series of 

specific and unspecific substrates, As shown in this table, specific ester subs- 

trates are distinguishable from others more by their low K values than by their 
m 

Kca t values. For instance, the maximum rates of hydrolysis of Bz-Arg-OEt and Ac- 

Tyr-OEt are similar, but their K values differ by at least 4 orders of magnitude 
m 

Direct measurements by means of a stopped flow device of the KS,K 2 and 

K 3 parameters are rather difficult since the acylation step has been found to 

be very fast. In the case of Bz-Arg-OEt, using proflavin as indicator, Bernhard 

and Gutfreund (12) report a K2/K 3 ratio of about 103 and Himoe (13), using 

thionine as indicator, reports a value of 800 for the same ratio in the case 

of To-Arg-OMe at pH 4.8. These very high values of the K2/K 3 ratio explain the 

Table I : Steady state parameters for the tryptie hydrolysis of ester 
substrates, a,b 

( : : : : : : : ) 

(Substrates "Kcat(Sec-1) K m (M) :Ref:Substrates "Kcat(Sec-1)" K m (M) :Ref) 
( ........... = ............ : ......... :___: ........... : ........... : .......... .--_) 

iTo-Arg -OMe : 95 :1.5xI0-~ : c :To-Orn-OMe e: 5.4 :1.6xI0-~ : c ) 
To-Lys-OMe 96 :4,2xI0-~ 9 :Bz-Cit-OMe e 0.31 _ :4.1x10-~ :10 ) ) 

.To-Lys-OEt 96,9 :3,6x10-~ 9 :Bz-Gly-OEte 5,1x10-~ :5,6x10-~ :11 ) 
:Bz-Arg-OEt 24 :2.6x10-~ c :Ac-Gly-OEt w 1.9xi0 -z :6.8x10-~ :11 ) 
:Bz-Lys-OMe : 23.7 :I.7x10-~ 9 iAc-Tyr-OEt 36 :4.7x10-~ o ) 
:Ac-Lys-OMe 82 :2.4xI0-~ d "Ao-Phe-OMe 55 :1.1x10-] : c ) 

Lys-OMe : 6.7 :2.8x10 -e 7 : Tyr-OMe 0.7 :1.8x10 -q 7 ! : : : ) 

a: at optimum pH, 25 °. b: kca t data of ref 9 and IO have been corrected on thm 

basis of the actual tryptio specific activity toward Bz-Arg-OEt. e: this work. 

d : A. Dupaix, unpublished experiments, e: at PH 7. 
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low K va lues  o f  s p e c i f i c  s u b s t r a t e s ,  as g iven by Eq.3.  E v a l u a t i o n  o f  the i n d l -  
m 

v i d u a l  parameters  of  E q . l  can a l s o  be per formed f rom s teady  s t a t e  da ta .  By as -  

suming t h a t  the  K S of  e s t e r  s u b s t r a t e s  i s  c l ose  to  the  K m of the  co r respond ing  

amides (14) or  the  K I [ i n h i b i t i o n  c o n s t a n t )  o f  the  co r respond ing  ac lds  [ t 5 ) ,  the 

k3 / (k2+k  3) r a t i o  can be o b v i o u s l y  eva lua ted  f rom the r a t i o  Km(es te r ) /K  m 

(amide]  or  K I [ a c i d e ) .  For i n s t a n c e ,  K m o f  Bz-Arg-OEt i s  2 .6  x lO-6M and t h a t  

o f  the co r respond ing  amide i s  2 .2 x 10-3M ; the  k2 /k  3 r a t i o  i s  thus about 650, 

in  agreement w i t h  the  va lue  r e p o r t e d  in  r e f .  12. In a d d i t i o n  kca t va lues  o f  

s p e c i f i c  s u b s t r a t e s  are independent  o f  the  na tu re  o f  the l e a v i n g  group,  in  

agreement with a deacylatlon rate limiting step [9,16,17), In contrast, at 

saturation of substrate, the 2-nitrophenyl ester of Ac-61y is hydrolyzed 

by trypsin 19 times faster than the corresponding ethyl ester (11). Thus 

the limiting step of this latter neutral substrate hydrolysis appears to be 

acylation. In an attempt to confirm and generalize these isolated observations 

which indicate a different rate limiting step for specific and unspecific 

normal ester substrates, we have carried out nucleophilic competition expe- 

riments (16) with selected specific and Unspecific substrates. 

RESULTS ANDOISCUSSION 

Steady state date obtained for several substrates in the presence of 

2M methanol and 0.6 M isopropanol are given in Table II. Isopropanol is a 

poor nucleophilic agent (19) and has been used to estimate possible solvent 

effects, since the dielectric constant of the medium is reduced from 78.5 

in water to 75.7 both in 2 M methanol and 0.6 M isopropanol (20). As shown in 

Table II, methanol modifies differently the Kinetic behavior of specific and 

unspecific substrates. In all cases isopropenol has only small effects on 

Kca t and K m and therefore solvent effects can be neglected to a first appro- 

ximation. K of specific substrates is much more increased by methanol than 
m 

in the case of unspecific substrates and the opposite holds for I/Kca t. As 

previously discussed (16), these results indicate a deacylation rate deter- 

mining step for specific substrates and, at least partly, acylation as the 
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Table II : Effect of methanol and isopropanol on the steady state parameters 
of the tryptic hydrolysis of specific and unspecific substrates, d 

( : : ) 

( : kca t [see -1)  : K m (M) ) 
( S u b s t r a t e s  : : ) a b c a b c 
( ............ : ............................... : ................................ ) 

IBz-Arg-OEt 124 

( :30 .5+0 .6  ( LY s-OMee : - 

I B z - D - A r g - 0 E t :  9 , 1 + 0 . 5  

( : xlO -2 

( T o - 0 r n - 0 M e  f : 5 . 4 + 0 . 1  

Tyr-OMe f : 2.5~0.1 

A o - P h e - 0 M e  h : 53+3 

:26.5 :24.5 :2.6x10 -6:4.8x10 -6 

27.7+0.3:27.4+0.3 :4.6+0.3 :4.7+0.2 - : - : 

: : : x10-3: xlO -3 

: 8.1+0.2:4.5+0.2 :7.4+0.6 :1.1+0.1 : -- • -- ! -- : -- 

: xlO-~ xlO -2 : x10-4: xlO -3 

: 4,8+0.1:0.85+0.04:1.6+0.1 :1.2+0.1 | -- ~ -- : -- : -- 

: : : x10-2: x10 -2 

: 2.1+0,1:0.58+0.04 :4.1+0.4 :4.6+0.3 
: -- : -- I -- : -- 

: : : xi0-2: x10 -2 

: : 11+2 :1.2+0.1 : 

: : - : - -1: 
: : :. x l O  :. 

:1 .lxi0 -5 ) 
= ) 

:2.3+0.1 ) 
: - -2 ) x lO ] 

) 
:1 ,6+0.15 : - ) 

x lO -3 ) 
) 

: 2 ,5+0 ,2  : - ) 

: x10-2 ) 

) 
; 5 .1+0 .7  : - ) 

: xlO -2 ) 
) 

:1 .I+0.2 : - ) 
-1 

: xlO ) 
: ) 

a: without alcohol, b: 0.6 M isopropanol, e: 2 M methanol, d: at 25 ° , 0.025 M , 
CaCI 2, pH 8. e: at pH 6.8 see ref 7. f: at pH 7. h: data for this substrate 

are rough estimates since its solubility is low with respect to its K value. 
m 

rate limiting step for unspecific substrates. In the case of Bz-Arg-OEt, 

kca t and K m values are both modified by methanol and therefore K 2 is close 

to k 3 for this substrate. Thus it is possible to calculate the individual 

parameters of Eq. I (18). We find k 2 = 0.275~0.025 sec -I, K 3 = 0.14+0.01_ sac -I 

and K S = 2.25~0.25x10-3M (average of two separate experiments). A fruitful 

comparison of these values can be performed with those obtained in the case 

of the corresponding L derivative (Bz-Arg-OEt), as shown in the free enthalpy 

activation diagram of Fig, I. The deacylation rate constants via ethanol, K_2, 

which are the microecoplc reverses of the acylation rate constants, K 2, for 

ethyl esters have been assumed in both cases to be close to the corresponding 

deacylation constants via water, k 3, as found with other substrates. As shown 

in Fig. I, it is clearly apparent that the aoylation step is more affected than 

the deaeylation or apparent binding step by inversion of the asymmetric carbon 
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ES#(D] ES,~(D) G° 
- - ~  [Kcal)  

ES ~ I:L) 

18.2 

11.6 
E+S(L or DI 
• 3 . 6  IT 

o) 
A 

4.2  i 
t 

15.6 

O.6 : ES'(D) 

ES'(L) : 

ES'#(L) 

18,7 : 
-0 

Fig. I : Free enthalpy activation diagram for the tryptic hydrolysis of 
Bz-Arg-OEt and the corresponding D derivative. # refers to activated 
complexes and numbers indicate the values of the free enthalpy 
variations (Kcal/Mole), 

of the substrata. It can be also noted that the negative free enthalpy change 

associated with the acylation step is larger in the case of the L derivative 

(-4.2 Kcal) than with the D derivative [-0.58 Kcal). Furthermore the acylenzy- 

me formed with Bz-Arg-OEt appears to be more stable than for the corresponding 

D derivative. 

Parameters of Eq. 1 for several specific and unspecific substrates are 

listed in Table III. The drastic decrease in the specificity index Kcat/K m (4) 

observed when the Lys or Arg residues are replaced by other neutral or catio- 

nic residues can be especially assigned to a large reduction of k 2 rather then 

of k 3 or K S . Deacylation is not a very specific step in trypsin catalysis, as 

already mentioned, since deacylation rate constants of neutral substrates ere 

very close for trypsin and chymotrypsin (21) and are in some cases of the same 

order of magnitude as for specific substrates, 

As a tentative explanation of these results, it is possible that the 

specific substrates are forced into a highly strained conformation in the 

Michaelis complex which permits a rapid acylation of the enzyme (22,23). This 

strain would be less pronounced in the acylenzyme, and thus the deacylation 

rate is slower and the acylenzyme stability greater with respect to the Michaelis 

complex. On the other hand, it was concluded by several authors {10,11,24) that 
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Table III : Individual kinetic parameters of specific and unspecific tryptie 
substrates, a 

( "  : : : : ) 

( : k c a t / K  : KsX!03 : k 2 : k 3 ) 
( S u b s t r a t e s  : m : : ) 
( : (M-1 sec -1 )  (M) : ( s e c  -1 )  : (sec -1 )  ) 
C .... " ....... "': ............ : ......... : .......... : ........... ) 

I ) Bz-Arg-OEt : 9.2xI0  :  .2b :  .OxlO! : 24 
To-Arg-OMe_ 6.4xI0~ : 7.50 4.8x10~ : 95 ) 

I Lys-OMe f 2 .4x10~ : 14 b 3 .4x10  z : 6 .7  ) 
(Ac-Tyr-OEt 7.6x10~ : 47 : 36 : 193 c ) 
(Ac-Phe-OMe 5,0x10~ : 110 : 55 : 173 c 
(To-Orn-OMe e 3 .4x10~ : 16 : 5 .4  : > 5 ,4  ) 
.Bz -D -A rg -OEt  1 .2x10  z : 2 ,2  : 0 .28  : 0 ,14 ) 

Tyr-OMe f 3.8 2 : 180 : 0.68 : > 0.68 ) 
: 880 : 3,2xi0 -2 : 0,6 d ) Ac-Gly-OEt e : 3.6xi0- : : : ) 

a: at optimum pH, 25 °. b: K m or K I of corresponding amides. 

c: corresponding turnover number of chymotrypsin (25) as dis- 
cussed in the text, d: turnover number of the corresponding 
~-nitrophenyl ester (11). e: at pH 7. f: ~-amino derivative (7). 

neutral substrates are not bound at the same site as cationic substrates. Since, 

for both types of substrates, an ester bend is formed with enzyme during the 

acylation step, the position of neutral substrates may be closer to that of 

specific substrates in the acylenzyme than in the Michaelis complex, as reflec- 

ted by the fact that amines activate deacylation more than acylation (11). In 

this manner the enzyme can realize in the acylation step a more effective dis- 

crimination between specific and unspecific substrates, 

MATERIALS AND METHODS 

Worthington, 2 x crystallized, Bovine trypsin, was purified by NaCI M 

1& of 15.9. Active (18). Determination of the total protein is based on an E278 nm 

site titration with ~-nitrophenyl ~ guanidlnobenzoate (26) indicated a purity 

of about 90& with respect to the total protein concentration which is used to 

calculate turnover numbers, Some experiments were carried out with sulfoethyl 

Sephadex C 50 separated ~ and 6 trypsin (27), which showed a very similar Kine- 

tic behavior toward specific and unspecific ester substrates at optimum pH ~, 

x : G. Fouceult, unpublished experiments in this laboratory. 
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Substrates are commercial products of the best available grade. Alcohols were 

redistilled {reshly before use. 

Kinetic measurements were carried out using a pH star arrangement as 

previously described (14). K determination in the case of Bz-Arg-OEt and 
m 

To-Arg-OMe were performed by means of the integrated Michaelis equation by follo- 

M = 1100 and M = 600 respectively on wing the change in OD with &E252 nm &E245 nm 

the expanded scale (2.5 x 10-200, full deviation) of a Cary 16K spectrophoto- 

meter. In all cases, the rate of release of the P2 product (acid) was measured 

in 0,025 M, CaCI 2, at 25 °. Statistical analysis of the data was performed accor- 

ding to the iterative procedure of Cleland (26), programmed for a Wang electro- 

nic calculator, 
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